Prion protein (PrP) is encoded by a single copy gene Prnp in many cell and tissue types. PrP is very famous for its infectious conformers (PrP SC ) resulting in transmissible spongiform encephalopathies. At present, physiological functions of its cellular isoform (PrP C ) remain ambiguous. Although PrP C expression has been found in uterus, whether it functions in maternal-fetal dialogue during early pregnant is unknown. In this study, we examined PrP C mRNA and protein in the uterus of peri-implantation mice, and found that they were expressed with a spatiotemporal dynamic pattern. Interestingly, PrP C was significantly increased in the decidual zones around the implanting embryos at the implantation window stage. To further demonstrate that PrP C is involved in the decidualization of mouse uterus during embryo implantation, we constructed the artificial decidualization models and the delayed implantation models. Once the pseudopregnant mice were artificially induced to decidualization, the PrP C expression then increased significantly in the decidua zone. And also, if the delayed implantation embryos were allowed to implant, PrP C protein was also simultaneously improved in stromal cells surrounding the implanting embryos. Moreover, PrP C expression can be inhibited by progesterone but upregulated by estrogen in mouse uterus. These results suggest that PrP C may play an important role in embryo implantation and decidualization.
Introduction
Prion protein (PrP), encoded by the gene Prnp, is a glycoprotein usually associated with membranes via its glycosylphosphatidylinositol (GPI) anchor [1] . Sheep scrapie, Creutzfeldt-Jakob disease, and bovine spongiform encephalopathy are transmissible neurodegenerative disorders associated with the trans-conformational form (PrP SC ) of this protein [2, 3] . The physiological form of the protein is called cellular prion protein (PrP C ) [4] . Although the involvement of PrP SC in the pathology of these diseases is well documented, the function of PrP C still remains elusive because it may be multifaceted with different cell types taking advantage of unique aspects of its biology [5] . PrP C has been known for its involvement in regenerative processes including adhesion, proliferation, differentiation, and angiogenesis [6] . Interestingly, no abnormal development is observed in PrP C -null mice [3] although PrP C can be clearly detected in extraembryonic tissues during mouse embryonic development [7] . Decidualization, a process where extensive remodeling of the endometrium occurs during early pregnancy, is essential for embryo implantation and placenta formation in some mammalian species, such as human and mouse. During the process, ovarian steroid hormones, estrogen and progesterone, precisely control a timely and effective dialogue between the embryo and maternal uterus by regulating the expression of genes associated with proliferation and differentiation of uterus epithelial and stromal cells in a spatiotemporal manner [8] . To date, several studies have showed that PrP C is expressed in uterus of different animals, including sheep [9] , bovine [10] , and rat [11] . However, because the Prnp null mouse is fertile [12] , the Prnp −/− mice do not also provide direct evidence that PrP C plays a role in the maternal-fetal dialogue when the fetus develops in the uterus.
To clarify this issue, this study detected PrP C expression pattern during the peri-implantation period (days 1 to 8 after insemination) and its response to steroid hormones, estrogen (E2) and progesterone (P4), in mouse uterus. We also constructed several mouse models to examine whether the PrP C was involved in embryo implantation and decidualization of mouse uterus.
Materials and Methods

Animal models Pregnancy or pseudopregnancy mice
Mature mice (Kongmin White) were caged in a controlled environment with a 12 h light: 12 h dark cycle. All animal procedures were approved by the Institutional Animal Care and Use Committee of Shandong Normal University. Adult females were mated with fertile or vasectomized males of the same strain to induce pregnancy or pseudopregnancy, respectively (day 1 = day of vaginal plug). Pregnancy on days 1-4 was confirmed by recovering embryos from the reproductive tracts. The implantation sites on day 5 were identified by intravenous injection of 0.1 ml of 1% Chicago blue (Sigma) in 0.85% sodium chloride. Seventy-eight female mice with vaginal plug (including 24 pregnancy and 24 pseudopregnancy mice) were used for in situ hybridization (n = 48), immunohistochemistry (n = 24), and real-time PCR (n = 6).
Delayed implantation mice
To induce delayed implantation, the pregnant mice (n = 6) were ovariectomized at 08:30-09:00 h on day 4 of pregnancy. P4 (Progesterone, 1 mg/mouse, Sigma) was injected to maintain delayed implantation from days 5 to 7. E2 (17β-estradiol, 25 ng/mouse, Sigma) was given to progesterone-primed delayed-implantation mice to terminate delayed implantation. The mice were sacrificed to collect uteri 24 h after E2 treatment. The implantation sites were identified by intravenous injection of Chicago blue solution. Delayed implantation was confirmed by flushing the blastocysts from the uterus.
Artificial decidualization mice
Artificial decidualization was induced by intraluminally infusing 25 μl sesame oil (Sigma) into one uterine horn on day 4 of pseudopregnancy, while the contralateral uninjected horn served as a control. The uteri were collected on day 8 of pseudopregnancy. Decidualization was confirmed by weighing uterine horn and histological examination of uterine sections [13] . Nine female mice were used for in situ hybridization (n = 3), immunohistochemistry(n = 3), and real-time PCR (n = 3).
Mice treated with ovarian steroid hormones and their inhibitors
According to our previous study [13] , mature female mice were ovariectomized and caged for 2 weeks in a controlled environment so as to consume their ovarian hormones. And then, the ovariectomized mice were injected subcutaneously with E2 (0.1 μg/mouse), P4 (2 mg/mouse), or a combination of E2 and P4 twice (once every 24 hr), respectively. The control mice only received vehicle (sesame oil, 0.1 mL/mouse). Twelve female mice were used for E2, P4, E2 + P4 treatment and their control experiments, respectively. At 24 h after the second injection, the uteri were harvested, rapidly frozen in liquid nitrogen, and subjected to frozen slice for in situ hybridization to observe the effect of ovarian hormones on the expression of PrP C in different uterus zones.
To further understand the effect of ovarian hormones on PrP C expression, the ovariectomized mice (three mice each group) were respectively treated with a hormone competitive inhibitor (progesterone inhibitor RU486, 0.5 mg/mouse, Sigma; or estrogen receptor inhibitor ICI 182,780, 0.5 mg/mouse, Sigma) 1 h prior to the second hormone treatments. And at 24 h after the second hormone injection, mouse uteri were collected for RNA extraction to analyze quantitatively PrP C mRNA.
Culture of mouse endometrial stromal cells
Uterine stromal cells of mice were isolated as previously reported [13, 14] . The isolated stromal cells were further cultured in fresh complete medium at 37
• C with 5% CO 2 before treatments or transfections.
These cells were respectively treated with P4 and a combination of P4 + E2. After 24 h, their mRNA was isolated to analyze E2 and P4 influence on transcription of PrP C .
In Situ Hybridization
In situ hybridization was performed according to our previous study [15] . In brief, total RNAs from the mice uterus on day 8 of pregnancy were reverse-transcribed and amplified with forward primer 5 -CATCAGCCAGTGCTAACACCG-3 and reverse in the buffer containing 100 mM Tris-HCl, pH 9.5, 100 mM NaCl, and 50 mM MgCl 2 . Endogenous alkaline phosphatase activity was inhibited with 2 mM levamisole (Sigma).
Immunohistochemistry
Immunohistochemistry was also performed as described in our previous study [15] . Mouse uteri were immediately cut into small pieces, fixed in Bouin's solution, dehydrated, and embedded in paraffin. Sections (7 μm) were cut, deparaffinized, and rehydrated. Nonspecific binding was blocked in 10% normal horse serum in PBS for 1 h. The sections were incubated with rabbit monoclonal to PrP C (1:300, Abcam) in 10% horse serum overnight at 4
• C. After washing in PBS three times for 5 min each, the sections were incubated with biotinylated goat anti-rabbit IgG followed by an avidin-alkaline phosphatase complex. The signal was visualized with 0.4 mM BCIP, 0.4 mM NBT, and 2 mM levamisole. In some sections, antibody was replaced with normal rabbit IgG as a negative control. The sections were dehydrated and mounted. The positive signal was visualized as a blue color.
RNA extraction and qRT-PCR
As described in previous studies [13, 16] , total RNAs from mouse uteri were isolated using TRIzol (Invitrogen), digested with RQ1 deoxyribonuclease I (Promega), and reverse transcribed into cDNA with PrimeScript reverse transcriptase reagent kit (TaKaRa). For qRT-PCR, cDNA was amplified using a SYBR Premix Ex Taq kit (TaKaRa) on the Rotor-Gene 3000A system. The conditions used for qRT-PCR were as follows: 95
• C for 10 s, followed by 45 cycles of 95
• C for 5 s and 60
• C for 34 s. All reactions were run in triplicate. Primer sequences used for qRT-PCR were as follows: PrP C 5 -CATCAGCCAGTGCTAACACCG-3 and 5 -TCC-TACGGAACTGAGTGCACG-3 , and Rpl7 5 -GCAGATGTA-CCGCACTGAGATTC-3 and 5 -ACCTTTGGGCTTACTCCATT-GATA-3 . Rpl7 was used for normalization. Data from qRT-PCR were analyzed using the 2 Ct method.
Statistical method
For statistical analysis, all experiments were performed in triplicate and repeated at least three independent times. Values were expressed as the mean ± standard deviation unless stated otherwise. Statistical analysis was conducted employing SPSS19 program. The significance of difference between two groups was assessed by the Student t test. The multiple comparisons were performed with one-way ANOVA. Groups were considered to be significantly different at values of P < 0.05.
Results
PrP C is dynamically expressed in peri-implantation mouse uterus
The pattern of PrP C mRNA expression was shown in Figure 1A . rapidly activated during mouse embryo implantation, we quantitatively compared its mRNA abundance at implantation and nonimplantation sites. There was not statistically significant difference between PrP C mRNA of implantation and nonimplantation sites in pregnancy day 5 ( Figure 1B) . Nevertheless, PrP C mRNA was significantly higher in the decidual zone surrounding the blastocyst of day 8 ( Figure 1B ).
Artificial decidualization results in a notable increase of PrP C expression
To know further whether PrP C functions in decidualization of uterus, an artificial decidualization uterus model was also constructed on the basis of the pseudopregnancy model. There was no detectable PrP mRNA signal in uterus of the day 5 pseudopregnancy mice ( Figure 1) . A similar phenomenon can also be found in the control uterus of day 8 of pseudopregnancy mice ( Figure 4A ). Interestingly, when uterine horn was artificially induced to decidualization by injecting sesame oil into uterine lumen, a strong signal for PrP C mRNA and protein was observed in the decidualized cells ( Figure 4A and B). Quantitative RT-PCR of PrP C mRNA was also performed to compare quantitatively the PrP C transcription levels between control and artificial decidualization uterus. In the same pseudopregnancy mouse, the expression of PrP C mRNA in the decidual uterus is nine times higher than that in the control uterus ( Figure 4C ).
P4 and E2 might have opposite regulative effects on the transcription of PrP C in the uterus E2 and P4 precisely regulate expression of genes associated with uterus decidualization. To know whether PrP C is also regulated by the two hormones, the ovariectomized mice were respectively injected with oil, E2, P4, and a combination of E2 and P4 after they have been fed for 2 weeks. Strong hybridization signals were detected in the uterus luminal epithelium of the model mice injected with oil and E2 ( Figure 5A ). However, low levels of PrP C mRNA can be only detected in the uterus luminal epithelium of mice injected with P4 and a combination of E2 and P4 treatment ( Figure 5A ). According to the results of in situ hybridization, PrP C mRNA cannot be detected in the stroma cells of all experiment groups. To determine further the influence of hormones on PrP C expression in uterus, we analyzed quantitatively PrP C mRNA expression of each groups ( Figure 5B ). Although E2 can improve uterus PrP C mRNA, there were not significantly statistical difference between uterus treated with oil and E2. However, PrP C mRNA of uterus treated with P4 was significantly lower than the group treated with oil (P < 0.05). Interestingly, P4 inhibitor RU486 only partially restored P4 inhibition effect on PrP C mRNA expression while E2 inhibitor ICI can significantly reverse the effect of E2 on PrP C gene transcription regulation. These results showed that P4 and E2 might have different regulative effects on the expression of PrP C in the uterus: the former inhibits PrP C expression, whereas the latter activates PrP C transcription.
P4 and E2 might not change transcription of PrP C in endometrial stromal cells
According to the observation from in situ hybridization, PrP C mRNA of stromal cells was not changed by P4 and E2 in vivo. To determine the result, we isolated and cultured the endometrial stromal cells in media with P4 or a combination of E2 and P4. By qRT-PCR, there was no statistically significant difference in PrP C mRNA between hormone treated and control groups ( Figure 6 ).
Discussion
In the ovine female reproductive, like the endometrium, myometrium, fallopian tubes, and ovaries, PrP C can be detected [17] .
In addition, PrP C gene expression was also detected in the placentas of women with normal and preeclamptic pregnancies. Expression of PrP C is increased in preeclamptic placenta. [18] . This cell-specific expression suggests a pleiotropic role for PrP C during reproduction and development. Decidualization is an essential event in pregnancy of mice and humans. During decidualization, dramatic molecular changes occur as endometrial stroma cells transform from fibroblast-like cells into large polygonal cells [19, 20] . Until now, it is unknown if PrP C plays a role in decidualization of mice. In this study, we detected PrP C expression and regulation in the peri-implantation period through several mouse animal models. We found that PrP C was dynamically expressed in peri-implantation mice uterus. At the implantation window stage, PrP C protein was significantly increased at embryo implantation site. In delayed implantation mice, once implantation is activated, PrP C protein is significantly increased in the stromal cells surrounding the implanting blastocyst. In artificial decidualization model mice, PrP C expression in stromal cells of decidualization uterine was significantly elevated relative to the control uterus. Moreover, its expression is also regulated by the ovarian steroid hormones. These results suggest that PrP C may play an important role in embryo implantation and decidualization of uterus. As a GPI anchored protein, PrP C can bind different co-receptors, such as G protein-coupled receptors Gpr126/Adgrg6 [21] and metabotropic glutamate receptor (mGluR) [22] , epidermal growth factor receptors (EGFR) [23] , etc. Therefore, PrP C can involve a wide range of functions, including cell stress protection, cellular differentiation, metal ion homeostasis, and mitochondrial homeostasis [24] . Our study can determine PrP C exerts its effect in decidualization of mouse uterus; however, it is unclear what role PrP C plays at this stage. It is reported that PrP C can interact with many molecules involved in decidualization, including laminin [25] , Laminin receptor-1 (LAMR1) [26] , and nonspecific alkaline phosphatase (TNAP) [27] . During decidualization, differentiation of human endometrial stromal cells into specialized decidual cells is strictly dependent on elevated cAMP levels [28] . Cyclic AMP concentration in sciatic nerves from PrP C -deficient mice is reduced [21] , indicating that PrP C could regulate the expression of a large number of genes related to decidualization through influencing cAMP level of stromal cells. Interestingly, in previous study, PrP C knockout (PrP C−/− ) mice displayed normal breeding behavior [12] , suggesting that PrP C might not be essential for decidualization. Therefore, although pathway controlled by PrP C might be important, other molecules can compensate for its role in order to ensure the uterus successfully complete decidualization. The initial attachment reaction between the uterine luminal epithelium and the blastocyst trophectoderm in mouse occurs at 22:00-23:00 h on day 4 of pregnancy [29] . Therefore, mouse embryo implantation occurs in day 5 of pregnancy. As soon as the implantation reaction begins, uterine stroma cells near the embryo undergo decidualization to ensure that the embryo can be implanted into the uterus. Interestingly, at the implantation window stage, PrP C protein is significantly increased in stromal cells around the blastocyst although PrP C mRNA was not increased, suggesting that PrP C is necessary in embryo implantation. The lack of synchronization of PrP C mRNA and protein expression profile suggests that there is a mechanism by which stromal cells can respond to embryo implantation through rapidly translating PrP C protein independent of its transcription.
In placental mammals, the uterus differentiates into an altered state to response to implantation-competent blastocysts [30] . In this state, P4 and E2 play the key role in regulating gene expression of uterus. In mice, P4 begins to rise on the day 3 of pregnancy, and peaks on the fifth day [30] . It was noticed that uterine epithelial PrP mRNA on the second and third days of pregnancy is higher than the fourth and fifth days, suggesting that P4 might repress the transcript of uterine epithelial PrP gene. Previous study reported that E2 can regulate PrP C gene expression in uterus of ewes [31] . We also evaluated the regulatory effect of estrogen and progesterone on PrP C in uterus of ovarietomized mice through respective treatments of E2, P4, and their receptor inhibitors. Consistent with the original report of ewe uterus [31] , our study also showed that E2 can increase the transcription of Prnp in the mouse uterus. Interestingly, both P4 and E2 do not influence the expression of PrP C gene in stromal cells. According to these results from artificial decidualization, delayed implantation, hormone regulation animal models, and hormone effect on stromal cells, the expression of PrP C in stromal cells during decidualization might be mainly induced by blastocyst implantation rather than the two ovarian hormones. Moreover, in epithelium cells, E2 and P4 might have opposite effects on PrP C gene expression: E2 increases PrP C gene transcription while P4 inhibits its transcription. These results indicated that the expression of PrP C in mouse uterus might be also strictly regulated by ovarian hormones in peri-implantation uterus. Creutzfeldt-Jakob disease, bovine spongiform encephalopathy, and ovine scrapie are fatal neurodegenerative disorders presumably caused by the aggregated proteinase K (PK) resistant form PrP Sc , which is derived from the endogenous, PK-sensitive PrP C through conformational alteration [32] . Therefore, PrP Sc infectivity is present primarily in tissues with high abundance of PrP C expression, including the central and peripheral nervous system, lymphoreticular system, and placenta [33, 34] . Our study showed that PrP C was significantly expressed in decidualized stromal cells surrounding the implanting blastocyst. It might be necessary to study whether the PrP SC in uterus could infect the embryo at the peri-implantation period.
In conclusion, our results suggest that PrP C plays a role in embryo implantation and uterus decidualization. Its expression is controlled by the two ovarian hormones progesterone and estrogen in mouse uterus. Further investigation is required to determine which pathway PrP C influences to regulate mouse maternal-fetal dialogue during peri-implantation embryonic development.
